The structure and thermodynamics of water adsorbed at the (110) surface of rutile (α-TiO 2 ) and cassiterite (α-SnO 2 ) were studied by means of molecular dynamics simulations with atomic interactions represented by a classical forcefield based on the SPC/E model of water. To investigate the effect of surface water dissociation on the adsorption of additional layers of water, two extreme cases of completely hydroxylated and nonhydroxylated surfaces were considered. Axial density distributions and adsorption Helmholtz free energies of water for different types of surfaces were compared and related to thermal gravimetric analysis data from literature. We found that the dissociation of water in the first layer considerably changes the affinity of additional water to the surface, weakening hydrogen bonding between the first and second layer and strengthening cohesion between the second and third layer. Comparison with the experimental measurements of adsorption indicates that water dissociates on cassiterite while it stays associated on rutile. The degree of dissociation in the first layer is not strongly affected by the adsorption of additional water.
to experimental study [2] [3] [4] , molecular simulations [5] [6] [7] , and the development of theoretical models [8] [9] [10] .
In a series of recent papers we used molecular dynamics (MD) simulations to investigate the structure and electrostatic properties of the electric double layer formed at the interface of rutile and cassiterite with bulk water and electrolyte solutions [11] [12] [13] . One of the main observations was the dominant role of hydrogen bonding influencing all studied properties. The stiff hydrogen bond network anchored to the crystal surface extends several water layers into the solution and dictates the extent and location of ion adsorption, orientation of local electric fields, and overall dynamics in the interface. Water dynamics at metal oxide surfaces was further investigated in a combined neutron scattering (QENS) -MD study of adsorption at rutile and cassiterite nanoparticles 14 . The amount of adsorbed water was determined from the thermal gravimetric analysis (TGA) and mass spectroscopy (MS), and subsequent MD simulations showed that at ambient conditions water adsorbs in three distinct layers. The analysis of diffusion revealed that the dynamic relaxation in each layer has its typical timescale: up to tens of picoseconds in the third (outermost) layer, hundreds of picoseconds in the second (middle) layer, and microseconds or longer in the first layer.
An important limitation of most classical simulations is the inability to model chemical reactions, such as the dissociation of chemisorbed water. While dissociable models of water and interfaces have been created [15] [16] [17] , they are not particularly good at reproducing phase equilibria or dynamic properties, which are crucial for our study. Chemical reactions were typically modeled by quantum chemical (ab initio) simulations, which provided important insights into the stability of various surface structures and dissociation pathways 5, 18, 19 . The extent of ab initio calculations is, however, severely constrained. Given the extremely slow diffusion modes of the surface water it is not clear whether quantum chemical simulations with their limited system size (10-100 molecules) and timescale (1-10 ps) can explore all relevant configurations. Increasing the size of the system to include all the important features of hydrogen bonding observed in MD simulations is practically beyond the capabilities of today's computational systems.
The presented study is a natural continuation of our molecular simulations outlined above. We investigate the effect of water dissociation on the adsorption Helmholtz free energy. The results are related to the structure of growing layers of adsorbed water and compared to experimental data from the thermal gravimetric analysis. Indirectly, the results can also provide information on the influence of adsorbed water on the dissociationassociation equilibria in the first layer.
CALCULATIONS
To study water adsorbed at metal oxide surfaces we used classical molecular dynamics simulations. The forcefield was based on the SPC/E model of water 20 , which was chosen because of its ability to accurately reproduce the phase envelope of bulk water, as well as the liquid water structure, diffusivity, and dielectric properties over a wide range of temperatures and densities. The potential model for bulk metal oxides, surface groups, and their interactions with SPC/E water was developed on the basis of DFT calculations 21, 22 . Non-Coulombic interactions between metal oxide atoms including surface hydroxyl groups were fitted with the Buckingham potential and interactions of metal oxides with water were fitted with the Lennard-Jones potential 23 . The forcefield parameters and (110) surface geometries for rutile and cassiterite systems are summarized in ref. 11 and ref. 13 , respectively. To make the simulations faster and consistent with earlier studies 11,13 , we followed the same approach and fixed all solid phase atoms in space except those of the protolyzable surface oxygens. Bulk metal oxide geometry was set according to experimental data from X-ray spectroscopy and the positions of atoms in the relaxed surface layers were taken from the DFT calculations 21, 22 . Because our forcefield does not allow modeling water dissociation directly, we constructed two types of surfaces, here called nonhydroxylated and hydroxylated, with the degree of dissociation preset to 0 and 100%, respectively. The nonhydroxylated surface consisted only of metal oxide atoms, which interacted with SPC/E molecules through non-bonded interactions. The hydroxylated surface also contained the products of water dissociation: terminal and bridging hydroxyls (Fig. 1) .
The simulations were carried out in the NVT ensemble with temperature set to 300 K. The system consisted of two metal oxide plates with 0-504 water molecules between them. The crystal phase was constructed from a basic unit of 4 metal and 8 oxygen atoms replicated six times in x and y directions (parallel to the surface) and twice in z direction. The distance between the plates was more than 40 Å to prevent significant interaction between the opposite surfaces. Long-range Coulombic forces were computed using the three-dimensional Ewald summation with a two-dimensional correction (EW3DC) 24 . A vacuum gap, required by the method, between outer sides of the cassiterite plates was about 1.5 times the distance between the surfaces, resulting in the size of the simulation box in z direction about 150 Å. The real space cutoff distance was set to 12.66 Å, maximal reciprocal vector number k = 5, and parameter α = 0.244 Å -1 . A fourth-order predictor corrector method and quaternion formalism was used to integrate equations of motion in the liquid phase. The motion of surface oxygens and hydroxyls with constrained chemical bonds was computed using the SHAKE algorithm 25 . The temperature of water was held constant by the Nose-Hoover thermostat 26 and the surface groups were thermostatted through the interaction with molecular water. Each simulation started from a preequilibrated configuration with water already adsorbed on the surface, the system was further equilibrated for more than 500 ps, and production runs covered more than 1.5 ns with a time step of 1.0 fs.
The adsorption Helmholtz free energy can be defined as the minimum of the excess Helmholtz energy across the interface. There are several approaches to the calculation of free energies and related entropic quantities, each suitable for a different situation. The methods of thermodynamic integration and free energy perturbations are well suited for dense homogeneous systems. Alternatively, free energy profiles can also be explored by the calculation of the potential of mean force, combined with umbrella sampling 27 . Anisotropic and heterogeneous systems, however, pose a serious challenge for these methods because they typically explore the phase space by small increments and cannot effectively visit all relevant regions when the degeneracy of an isotropic system is removed. A very efficient method for such situations is the Widom test particle insertion method 28 , in which a particle whose chemical potential or free energy is calculated but which is not a part of the equilibrated system, is randomly inserted into the system and excess Helmholtz free energy is calculated as
where the first term on the right side is excess chemical potential and u is the interaction energy of the test particle with the equilibrated system. For the test particle method to be efficient, high probability of successful test insertions without an overlap is essential. This condition is usually well satisfied for small molecules and low-density systems offering suitable cavities. A variant of the method with more efficient search for cavities in denser systems has recently been used to study the adsorption and solvation energies at the interface of water vapor with ice and liquid water 29, 30 . Unlike in the bulk, the structure of adsorbed water is open, increasing thus the probability of a successful particle insertion. The sampling is further facilitated by the fact that the lowest excess free energy can be expected at the open surface of adsorbed layers where the new incoming molecules usually attach. Our test simulations showed that due to the diffuse character of outer layers and the lattice-like structure of the first layer, we can effectively use simple random insertions without the need for special cavity search described in refs 29, 30 . To compensate for a relatively lower acceptance ratio of insertions into the deeper layers, we first sampled this region with trial insertions of water molecule cores (coinciding with oxygen atoms) to find suitable cavities. After a successful insertion of the core, 20 random orientations were generated to sample the local environment in search for hydrogen bonds. Each unsuccessful insertion of the core was counted as 20 unsuccessful insertions of full water molecules. There were 200 random oxygen atom positions generated every time step and the total number of random particle insertions in the dense regions during 1.5 ns runs totaled to approximately 3 × 10 9 . The combination of the open surface structure and more frequent sampling of inner layers contribute to the reliability of the method and relatively low statistical errors. Our previous study of the dynamics of adsorbed water showed that the slowest diffusion relaxation time of molecules in the second layer is in the order of hundreds of picoseconds 14 , which should insure that our simulations spanning at least 1.5 ns will sample a representative set of configurations. Diffusion relaxation times in the first layer were estimated to be around 1 µs for rutile and even longer for cassiterite, which seems to be too slow for the timespan of our simulations. The treatment of the adsorption in the first layer is discussed in the following section.
RESULTS AND DISCUSSION
To investigate the gradual growth of adsorbed water layers, we calculated the density profiles, excess chemical potentials, and Helmholtz free energies of water at different surface coverages. These quantities are closely related as the excess free energy determines where additional water will adsorb, and the close relationship can also be used to check the correctness of the data. The results are interpreted with respect to the thermal gravimetric analysis experiments published in ref.
14 and the question of water dissociation discussed in refs 11, 13 , which were the primary motivation for this work.
Structure of Adsorbed Water
Figures 2 and 3 present the oxygen density profiles of adsorbed water on the four types of studied surfaces; each plot shows simulation data for various amounts of adsorbed water (surface coverage) up to 3.5 water molecules per surface unit. In all cases water gradually forms three distinct layers seen in the distributions as three maxima (peaks) separated by two minima.
At hydroxylated surfaces (Figs 2b and 3b ) the bond of the first layer to the surface is permanent by definition, with a fixed oxygen-metal atom distance. It is manifested as a very high and narrow peak around 2 Å from the surface plane. For steric reasons no other molecules can enter this region. A surface covered with a monolayer of dissociated water offers two main kinds of H-bonding opportunities for water from outer layers: the hydrogen atom of a bridging hydroxyl and the oxygen atom of a terminal hydroxyl (see Fig. 1 ). Hydrogens of terminal hydroxyls are typically bonded to neighboring hydroxyls and, therefore, not available for other molecules. The total number of H-bonds available for the second layer is two per surface unit but some second-layer molecules can participate in two bonds with the surface, which results in the total occupancy less than 2. The integration of the second peak yielded approximately 1.6 water molecules per surface unit. It can be also noticed that the second peak is highest for the system with 2.5 adsorbed layers, which is approximately two full layers. The lowering of the second peak at higher coverages can be explained by strong bonding with the third layer, which weakens bonding with the first layer. terminal and bridging hydroxyls and allow second-layer molecules to approach the surface closer than at rutile. The third layer can be identified as a short and wide but clearly defined peak at about 6 Å from the surface. The existence of a density maximum at such a distance from the surface suggests ordering of water molecules and strong bonding to the second layer. The plots of density profiles for nonhydroxylated surfaces (Figs 2a and 3a) show that water is built up layer by layer, first filling up the top layer before adsorbing in a new one. Such behavior indicates large differences in the affinity of individual layers to the surface and weakening of this strength with each additional layer. From the viewpoint of the thermal gravimetric analysis, it may be expected that the adsorbed water will desorb over a wide range of temperatures. Integration of the first peak of the distribution shows that there is at most one water molecule per surface unit and, once there is enough water on the surface to form a monolayer, the first layer is most of the time fully occupied. It is known from previous studies that the first-layer molecules are chemisorbed to surface metal atoms 18, 19 . Associated water in the first layer leaves bridging oxygens unprotonated and available for forming strong hydrogen bonds with molecules in the second layer, which is thus very stable as implied by the corresponding high and narrow peaks, and confirmed by the thermodynamic calculations described below. This kind of strong hydrogen bonds cannot be formed at hydroxylated surfaces (Figs 2b and 3b) , at which the bridging oxygens are protonated. At the surface coverage corresponding to approximately three water molecules per surface unit the oxygen density distribution in the first two layers is essentially the same as at the interface with bulk water investigated in our previous study 11, 13 . The first two adsorbed layers are apparently very rigid and their structure does not depend on bonding to outer water molecules. The third layer appears to be very diffuse, without a distinct structure and only weakly attached to the surface.
Thermodynamics of Adsorption
The profiles of excess chemical potential of water at metal oxides tell us whether and where water will adsorb. We know from the results of the TGA experiments (Figs 4 and 5 of ref. 14 ) that at ambient condition water adsorbs in three layers and the last water (first layer) desorbs at temperatures ranging from about 190°C for rutile to 300°C for cassiterite. Because the highest coverage considered in this study corresponds to <80% relative humidity at 300 K, we may expect that the adsorption Helmholtz energy for this coverage will be lower than (but relatively close to) the values of the excess chemical potential of pure SPC/E water, which is approximately 27 kJ/mol 31 .
At hydroxylated surfaces (Figs 4b and 5b) , the first layer of water is dissociated and chemically bonded to metal oxide atoms. The Helmholtz energy of chemical bonding can be, in principle, obtained from ab initio calculations and is not investigated here. For steric reasons it is not possible to insert additional molecules to the fully occupied first layer and the excess Helmholtz energy reaches extremely large values. A distinct and important feature of the adsorption Helmholtz energies at hydroxylated surfaces is their small dependence on the surface coverage, especially for occupancy between 1.0 and 2.5 molecules per surface unit. This implicates that once temperature or vapor pressure reaches a certain value, all water beyond the first layer will desorb. This behavior is especially distinct for the hydroxylated rutile surface. (Here we suppose that the structure of the adsorbed layers is not qualitatively changed at higher temperatures. The rigidity and regular pattern dictated by the static crystal surface makes such a proposition reasonable.) If water adsorbs at rutile dissociatively, fast desorption of outer two layers should be observed in the TGA experiments, but this is not the case. On the other hand, such a behavior was observed in experiments with cassiterite. This result is consistent with our earlier observation that the first layer desorbs from cassiterite at much higher temperatures, which was interpreted as a sign of dissociative adsorption. It was not clear, however, whether the dissociative adsorption occurs only for a mono- layer or for all coverages. We may also notice in Table I that the adsorption free energy (the minimum of the Helmholtz energy profiles) at the hydroxylated cassiterite for the highest coverage is approximately 27.6 ± 1.6 kJ/mol, which is slightly lower than 25 kJ/mol found for solvation in pure SPC/E water 31 . Given that even higher coverage was observed in experiments (4.0 molecules per surface unit) there is still capacity to adsorb additional water.
At nonhydroxylated surfaces, the adsorption of the first layer is mediated by the nonbonded interactions of SPC/E molecules and can be thus investigated in the same way as the adsorption of higher layers. Despite very slow dynamics of the first layer and its high density, seen as a high peak in Figs 2a and 3a, it is relatively easy to determine the probability of the successful insertion of a test particle. Since there are only a limited number of surface metal atoms that can bind first-layer molecules and each metal atom can bind either zero or one water oxygen, it is easy to test the generated configurations for a suitable cavity. We notice that, starting at the coverage of full two water layers, the first one is permanently occupied and does not offer opportunities for a successful insertion of a test particle. There are only rare occasions when a first-layer molecule exchanges position with a secondlayer molecule, during which time a successful insertion is conceivable but was not observed. The relaxation time of such an exchange was estimated to be about 1 µs for rutile and can be expected even longer for cassiterite, for which the Helmholtz energy minimum reaches almost 100 kJ/mol 14 . Such a finding is not surprising because the employed forcefield is based on ab initio calculations that predict stronger bonding to the SnO 2 surface and the tendency of water to dissociate. As it was noted in the discussion of the structural properties, associative adsorption leaves bridging oxygens unprotonated and available for strong hydrogen bonding with the second layer. The excess Helmholtz energy in the second layer ranges from about 70 kJ/mol for a monolayer coverage to about 0 kJ/mol for full three-layer coverage observed experimentally, which reflects the high stability and compactness of the layer compared to the second layer at hydroxylated surfaces. The minimum of the Helmholtz energy profiles shifts to the third layer only when the coverage exceeds that needed to completely fill two layers. The Helmholtz energy of adsorption at rutile for the highest coverage (3.5 molecules per surface unit) can be estimated to be around 23.5 ± 1.7 kJ/mol, which is close to the value for solvation in pure SPC/E water 31 . Given the statistical error of our calculations and possible deviation due to the forcefield, this value agrees very well (units of kJ/mol) with what can be expected for 80% humidity at ambient conditions. As opposed to hydroxylated surfaces, the absolute value of adsorption Helmholtz energy grows rapidly as the surface coverage is decreased. Such a behavior should be reflected in the TGA desorption studies as a slow weight loss over a wide range of temperatures and was actually observed for rutile. This finding agrees well with predictions based on smaller-scale ab initio calculations with monolayer and bilayer coverages and also suggests that additional water does not have a dramatic influence on the dissociation in the first layer.
CONCLUSIONS
We have performed molecular simulations of water adsorbed on TiO 2 and SnO 2 surfaces and studied density profiles and adsorption Helmholtz energies for a range of surface coverages from zero to values detected at ambient conditions. We have found that there are substantial differences between the ways water adsorbs at surfaces depending on the degree of dissociation in the first layer. In the case of nondissociative surfaces, water adsorbs layer by layer with a relatively weak cohesion between the neighboring layers, which implies gradual adsorption/desorption over a wide range of temperatures or pressures. Such a behavior was observed for rutile nanoparticles and is consistent with ab initio calculations predicting molecular adsorption in the first layer. At dissociative surfaces, the first layer is adsorbed very strongly while the second forms relatively weaker bonds with the surface which are compensated by increased bonding with the third layer. This type of interactions corresponds to the desorption of outer two layers occurring in a limited range of temperatures or pressures, and the desorption of the first layer at high temperatures. Thermal gravimetric analysis has detected this type of behavior for cassiterite nanoparticles, which is in agreement with the ab initio studies of water mono-and bilayers predicting that adsorption at cassiterite is mostly dissociative. It also follows that additional layers of adsorbed water do not have large influence on the dissociationassociation equilibrium in the first layer.
